A s currently understood, atherosclerosis is a degenerative and inflammatory disease process developing in the inner layers of large arteries over the course of several decades. In some individuals, substantial atherosclerotic lesions form before age 50 and lead to early morbidity and mortality, whereas other people reach advanced age with no measurable plaque. This variability appears to arise from individual differences in both biological (eg, blood pressure and serum lipid concentrations) and behavioral risk factors (eg, eating habits, physical activity, and depressed mood). It is now clear that risk factors for atherosclerotic cardiovascular disease (ASCVD) cluster within individuals, as in the metabolic syndrome, and such clustering suggests the existence of shared etiologic factor(s) that direct the coexpression of multiple biological and behavioral risk factors.
The central nervous system (CNS) receives afferent information from, and discharges efferent signals to, the cardiovascular, immune, gastrointestinal-metabolic, and endocrine systems. Given that the brain broadly regulates the body's internal milieu and also accounts for cognition, affect, and behavior, CNS processes may give rise to the simultaneous expression of multiple risk factors for atherosclerosis. The brain's serotonergic (5-hydroxytryptamine ) neural circuits, in particular, modulate many autonomic and neuroendocrine processes, emotions, and behaviors. 1 Prolactin release from the pituitary gland is regulated, in part, by 5-HT signals from the hypothalamus, and the measurement of prolactin responses to pharmacological challenge with direct or indirect 5-HT agonists provides a validated and minimally invasive in vivo index of central 5-HT function. 2, 3 Blunted prolactin response to serotonergic challenge by the 5-HT releasing agent, fenfluramine, has been associated with current and remitted major depression. 4, 5 Prolactin response to serotonergic challenge has also been found related inversely to elevated blood pressure, sedentary lifestyle, estimated insulin resistance, and the metabolic syndrome. 6 -8 Finally, several polymorphisms of genes potentially affecting serotonergic neurotransmission have been associated with ASCVD. 9, 10 In view of the evidence linking variation in 5-HT function with several biological and behavioral risk factors for cardiovascular disease, the current investigation tested the hypothesis that individual differences in central serotonergic activity are likewise related to preclinical vascular disease. Central serotonergic function was indexed as the prolactin response to a selective serotonergic probe, citalopram, and vascular disease was assessed with sonographic imaging of the carotid arteries. We further tested whether any such association between central serotonergic responsivity and preclinical vascular disease is mediated by the metabolic syndrome or its component ASCVD risk factors.
Patients and Methods
Subjects were participants in the University of Pittsburgh's Adult and Human Behavior Project and were recruited from Allegheny County, Pennsylvania, from February 2002 to August 2004 using mailed brochures. All were non-Hispanic white and black community volunteers 30 to 55 years of age. Exclusion criteria included clinical history of atherosclerotic disease (eg, stroke, myocardial infarction, angioplasty, or bypass surgery), cancer diagnosis, or treatment within the past year, chronic liver or kidney disease, as well as use of cardiovascular, lipid-lowering, diabetic, glucocorticoid, weight-loss, or psychotropic medications. Women were excluded if they were not using reliable birth control, or were pregnant, lactating, or currently experiencing age-related menstrual period irregularities.
A total of 259 subjects completed the protocol and 244 were included in analyses. Eight subjects were excluded because they experienced adverse reactions during the citalopram challenge that confound interpretation of hormonal responses (vomiting, vasovagal syncope, or both), 3 because baseline prolactin levels were Ͼ40 ng/mL, 2 because measurements of plasma citalopram concentration were missing, 1 because the left carotid artery could not be visualized adequately, and 1 outlier whose prolactin response exceeded that sample mean by Ͼ10 SDs.
Risk Factor Assessments
Subjects arrived at the University of Pittsburgh's Behavioral Physiology Laboratory between 7:30 and 10:30 AM after a 12-hour overnight fast. After they rested in the seated position for at least 10 minutes, a trained staff member obtained 2 blood pressure measurements from the right arm using a mercury sphygmomanometer and a regular, large, or extra large adult cuff, according to the subject's arm circumference. The 2 readings were averaged. Then, phlebotomy was performed along with measurement of height, weight, waist circumference at the umbilicus, and lean body mass (estimated using a bioelectrical impedance body composition analyzer; Tanita Corporation of America, Inc, Arlington Heights, Ill).
Determinations of standard serum lipids, glucose, and insulin were performed by the Heinz Nutrition Laboratory, Department of Epidemiology, University of Pittsburgh Graduate School of Public Health, according to previously described methods. 11 The metabolic syndrome was defined by the criteria of the National Cholesterol Education Program. 12 An estimate of insulin resistance based on the Homeostasis Model Assessment was calculated as follows: HOMAIRϭserum insulin (IU/mL)ϫfasting blood glucose (mmol/L)/22.5. 13
Citalopram Challenge Test
Central serotonergic responsivity was measured as the change in serum prolactin concentration after administration of citalopram, a selective 5-HT reuptake inhibitor (SSRI). Stimulation of hypothalamic 5-HT receptors promotes the pituitary release of prolactin, and citalopram increases serotonergic neurotransmission by highly selective inhibition of 5-HT reuptake. 14 The increase in circulating prolactin concentration induced by citalopram is dose-dependent 15 and provides an index of net serotonergic responsivity in the hypothalamic-pituitary axis. 3 Individual differences in prolactin response to serotonergic challenge are reasonably reproducible over 6 months (rϭ0.59 when menstrual cycling is controlled 16 ) and correlate across methods of assessment. 17 Participants reported to the University of Pittsburgh's General Clinical Research Center between 1:00 and 3:00 PM after a 2-hour fast. Testing was conducted in the afternoon to minimize the influence of circadian variation on prolactin levels. Premenopausal women were scheduled during the early follicular phase (ie, between 3 and 9 days after onset of menses).
The citalopram challenge test protocol is illustrated in Figure 1 . On arrival on the General Clinical Research Center (GCRC), nursing staff inserted an intravenous catheter into each forearm, one for blood sampling and one for drug infusion. After a 30-minute adaptation period, blood samples for baseline prolactin were drawn at 5 minutes and 1 minute before citalopram infusion. Subjects then received citalopram by controlled infusion over 30 minutes at a dose of 0.33 mg/kg lean body mass. Eight subsequent timed blood samples for prolactin concentration and 4 timed samples for citalopram concentration were obtained. After allowing serum samples to clot, all samples were centrifuged, separated, and stored at Ϫ70°C until analysis. Methods for determining serum prolactin and plasma citalopram concentrations have been described previously. 15 Prolactin concentrations from the two baseline prolactin samples were averaged.
Carotid Artery Ultrasound
Images were taken from 4 locations in both the right and left carotid arteries: the near and far walls of the distal common carotid artery (1 cm proximal to the carotid bulb), and the far walls of the bulb and first centimeter of the internal carotid. Intima-media thickness (IMT) was measured by electronically tracing the lumen-intima interface and the media-adventitia interface across a 1-cm segment at each location (with the exception of the bulb which was measured in its entirety). Measures were obtained using software that uses an edge detection algorithm and generates one measurement for each pixel, yielding Ϸ140 measures for each segment. 18 Computerized readings were over-read by certified sonographers who made adjustments to the computer readings as necessary. Mean IMT was calculated as the average of the mean IMT measured at each location. Maximum IMT was calculated as the average of the maximum IMT from each Each test was scheduled between 1:00 and 3:00 pm after a 2-hour fast. Catheter insertion was followed by a 30-minute adaptation period. Citalopram was dosed at 0.33 mg/kg lean body mass and was administered by a controlled infusion pump over 30 minutes. Both prolactin and drug concentrations were monitored over 2.5 hours.
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location. Plaque was defined as any focal area in which the IMT was at least 50% thicker than adjacent regions.
Statistical Analysis
The citalopram-induced prolactin response area under the curve (AUC) in nanograms/milliliter per hour was calculated by trapezoidal integration using prolactin concentrations measured from 0 to 150 minutes after infusion. Time-integrated citalopram exposure (citalopram AUC) was calculated in an analogous fashion from plasma citalopram concentrations. Prolactin AUC was adjusted for covariation with baseline serum prolactin to control for the influence of central dopaminergic tone and lactotroph function on prolactin release. Specifically, prolactin response (AUC) and baseline prolactin levels were first log-transformed (base 10) to ensure normality and then log prolactin AUC was regressed on log baseline prolactin. The prolactin AUC residuals, also log-transformed, were used in analyses. HOMA-IR, triglycerides, and insulin also required log transformation.
Mean and maximum carotid IMT were averaged across the eight measured sites and then subjected to inverse transformation to ensure normality. Plaque was categorized as the presence or absence of any observable plaque. Bivariate associations between transformed IMT measures and risk factors were evaluated using Pearson correlations but are reported with the sign reversed for ease of interpretation. Linear regression was used to evaluate the association between the prolactin AUC and mean and maximum IMT. Logistic regression was used in analyses of carotid artery plaque. Covariates in all regression analyses of carotid artery morphology were age, sex, race, and citalopram AUC (the latter to avoid potential confounding by variation citalopram exposure). Potential mediation of any revealed associations by blood pressure and other metabolic syndrome risk factors was evaluated in subsequent linear and logistic regression models, using the difference in coefficients test. 19 Effect size estimates were calculated based on a 1 SD decrease in prolactin response (AUC). Potential sex and race interactions were evaluated in all models.
Results
Characteristics of the study participants are summarized in Table 1 . This generally healthy sample tended to be somewhat overweight but had acceptable average blood pressure, lipid, and glucose concentrations. Thirteen percent had detectable carotid artery plaque. The citalopram challenge protocol adjusted the administered dose for participant body size to standardize citalopram exposure. This dose adjustment was successful insofar as the plasma citalopram AUC was unrelated to BMI (rϭ0.02, Pϭ0.74). As expected, mean and maximum IMT correlated positively with age, waist circumference, systolic blood pressure, diastolic blood pressure, triglycerides, glucose, insulin, and insulin resistance estimated by HOMA-IR (rϭ0.16 to 0.40), and negatively with HDL cholesterol (rϭϪ0.23) (all PϽ.05). Similarly, carotid artery plaque was positively associated with age, systolic blood pressure, diastolic blood pressure, triglycerides, insulin, and HOMA-IR (Spearman rϭ0.13 to 0.24, all PϽ0.05).
We evaluated the association between prolactin response (prolactin AUC) and carotid artery maximum and mean IMT using linear regression and the relationship between prolactin response and carotid artery plaque using logistic regression ( Table 2 ). All regression models included age, gender, race, and citalopram AUC as covariates. Potential sex and race interactions were not significant for any of the models. Lower prolactin response was associated with greater maximum IMT (ϩ0.016 mm per 1 SD lower prolactin AUC; Pϭ0.006), and this relationship is illustrated in Figure 2 . Lower prolactin response was also associated with greater mean IMT (ϩ0.009 mm greater IMT per 1 SD lower prolactin response; Pϭ0.03) and, marginally, with the presence of carotid artery plaque (OR, 1.47 per 1 SD lower prolactin response; 95% CI, 0.98 to 2.19 Pϭ0.06).
Blunted serotonergic responsivity has been associated with the metabolic syndrome in previous reports and, in this sample, prolactin response was correlated inversely with waist circumference, diastolic blood pressure, triglycerides, glucose, insulin, and HOMA-IR (Pearson rϭϪ0.13 to Ϫ0.22), and positively correlated with HDL cholesterol (rϭ0.16) (all PϽ0.05). Therefore, mediational analyses were conducted and demonstrated that the metabolic syndrome (yes/no by NCEP criteria) was a significant mediator in the relationship between lower prolactin response and thicker maximum IMT (PϽ0.01 according to Freedman-Schatzkin's difference in coefficients test). 19 However, neither the metabolic syndrome nor its components (eg, waist circumference, systolic blood pressure, and fasting serum glucose, triglycerides, and HDL cholesterol) fully explained the association between lower prolactin response and thicker maximum carotid IMT, as seen by the relatively small change in the adjusted parameter estimates, which remained significant ( Table 2 ). The association between blunted prolactin response and thicker maximum IMT remained significant after the final model in Table 2 was additionally adjusted for packyears of smoking and BMI (Pϭ0.04; data not shown). Table 2 also provides results from additional linear regression analyses of prolactin response and mean IMT. As noted, blunted prolactin response was similarly associated with mean carotid artery IMT. The addition of covariates related to the metabolic syndrome diminished the association between prolactin response and mean IMT, in several instances causing it to lose statistical significance. Thus, the metabolic syndrome again appears to mediate, at least in part, the relationship between serotonergic responsivity and carotid IMT.
Discussion
The role of CNS processes in atherosclerosis remains largely unexplored. Following on previous research linking a low prolactin response to serotonergic pharmacological probes with cardiovascular risk factors, here we tested the hypothesis that a blunted central serotonergic response would be associated further with preclinical atherosclerosis. In a relatively large sample of community volunteers receiving no medications affecting cardiovascular risk factors or serotonergic function, prolactin response to intravenous citalopram was inversely related to maximum carotid artery IMT. Prolactin response was also related, albeit less robustly, to mean IMT and carotid artery plaque (the latter finding being limited by the low prevalence of plaque in this sample). The effect size of ϩ0.009 to ϩ0.016 mm greater IMT per 1 SD lower prolactin response compares to the average ϩ0.008 mm yearly increase in carotid artery thickness in adults. 20 Supplementary analyses indicated that the association between central serotonergic responsivity and preclinical vascular disease was partially mediated by components of the metabolic syndrome.
Interpretation of these findings rests on the specificity and reliability of neuropharmacologic challenges as indices of serotonergic function. 2, 3 In this regard, serotonergic drug challenges increase prolactin release in a dose-dependent manner that is blocked by serotonergic receptor (particularly 5-HT2) antagonists 21, 22 and varies in magnitude with genetic polymorphisms affecting 5-HT synthesis and release. 23, 24 In addition, prolactin responses covary across different serotonergic pharmacological probes and exhibit reasonable testretest reliability. 16, 17 Finally, the pharmacological agent used in this study, citalopram, binds with very high specificity to the 5-HT transporter protein. 14 The observed association between blunted central serotonergic responsivity and preclinical atherosclerosis could be the result of cerebrovascular disease, but this is unlikely since there was minimal atherosclerosis and no significant carotid stenosis in the study sample. Alternatively, blunted central serotonergic responsivity and atherosclerotic disease may share an etiologic factor, in which case no causal connection may exist between serotonergic function and vascular disease. Candidate "third factors" include shared genetic determinants, 25 chronic systemic inflammation, and dietary omega-3 fatty acid deficiency. The latter 2 factors are generally viewed as modifiable causes of ASCVD, 26, 27 and both chronic systemic inflammation and dietary omega-3 fatty acid deficiency can affect the brain. However, the extent to which these systemic conditions may influence central serotonergic function is unclear. 28 Several lines of evidence support a causal role of 5-HT in ASCVD. Polymorphic variation in the promoter regions of the 5-HT2A and 2C receptors are associated with abdominal obesity, type 2 diabetes, and prevalent coronary artery disease. 10, 29, 30 Similarly, a functional polymorphism in the 5-HT transporter gene promoter is associated with asymptomatic carotid artery morphology and with prevalent and incident coronary disease. 9, 31, 32 The current study findings suggest partial mediation by the metabolic syndrome and, in this regard, several clinical trials have examined the effects of SSRI treatment on glucose metabolism in individuals with type 2 diabetes, impaired glucose tolerance, or obesity. Though not uniform, trial findings include lowered fasting blood glucose or glycosylated hemoglobin with SSRI treatment, 33, 34 improved insulin sensitivity assessed by euglycemic clamp, 35 reduced hepatic glucose production, and enhanced peripheral glucose uptake. 36 Moreover, preliminary data from pharmacoepidemiologic investigations and randomized clinical trials suggests that treatment of depression with SSRIs may reduce major heart disease events. [37] [38] [39] [40] Such evidence, however, does not inform us regarding the biological or behavioral mechanisms through which serotonergic dysregulation might affect ASCVD. Within the CNS, serotonergic circuits affect eating behavior, 41 and certain serotonergic agonists are useful as appetite suppressants. 42 Central 5-HT also regulates sleep, and various sleep disturbances may predispose to atherosclerosis. 43, 44 Neuroanatomic and neuropharmacologic studies indicate that CNS 5HT modulates sympathetic and parasympathetic outflow affecting heart rate and blood pressure, 45, 46 as well as glucose and energy homeostasis. 47, 48 Therefore, the influence of CNS serotonergic circuits on autonomic activity could affect atherosclerosis via several internal mechanisms.
Finally, the current findings could be a reflection of a role of peripheral, not central, 5-HT in ASCVD. The 5-HT concentration is low in blood because platelets avidly sequester it in their dense granules. Nonetheless, 5-HT is a potent vasoconstrictor and may have pathogenic roles in both plaque rupture and atherogenesis. 49 -51 A novel serotonergic antagonist holds promise as an anti-atherosclerotic agent, 52 and SSRIs appear to reduce platelet 5-HT content 53 and platelet activation. 54 However, because elevated plasma 5-HT levels and platelet release appear to promote atherogenesis, one would have to postulate that central serotonergic responsivity, as measured in the current investigation, correlates inversely with peripheral 5-HT indices. There is little theoretical, functional, and empirical support for such a relationship. 55 The central limitation of the current study is its crosssectional design. This feature leaves unresolved whether serotonergic dysfunction might contribute to atherogenesis or is a marker of some other, correlated pathogenic process. Nonetheless, the evidence that 5-HT-related polymorphisms are associated with central obesity, diabetes, and coronary disease, and that SSRI treatment tends to improve glycemic control and reduce coronary events supports the general plausibility of a causal association. Future studies are warranted to examine the reported association prospectively, elucidate the mechanism or mechanisms linking central serotonergic function to ASCVD, and further test the efficacy of 5-HT-based pharmacological interventions on atherosclerosis.
